I dentIfyIng risk factors that determine the natural history of unruptured intracranial aneurysms could aid in their clinical management. Morphological characteristics are candidates for such risk factors, because morphology varies in the patient population, the variation can be measured, and morphological variations affect the aneurysm's biomechanical environment (e.g., pressureinduced wall tension and flow-induced shear) in ways that may cause aneurysm enlargement and rupture. In addition, the shape of the aneurysm may reflect the underlying biology of the aneurysm wall. Numerous studies have assessed the differences between unruptured and ruptured aneurysms in regard to morphology, 4, 13, 16, 20, 23, 33, 35, 37 blood flow, 4, 6, 7, 12, 22, 31, 32, 37 obJective The goal of this prospective longitudinal study was to test whether image-derived metrics can differentiate unruptured aneurysms that will become unstable (grow and/or rupture) from those that will remain stable. methods One hundred seventy-eight patients harboring 198 unruptured cerebral aneurysms for whom clinical observation and follow-up with imaging surveillance was recommended at 4 clinical centers were prospectively recruited into this study. Imaging data (predominantly CT angiography) at initial presentation was recorded. Computational geometry was used to estimate numerous metrics of aneurysm morphology that described the size and shape of the aneurysm. The nonlinear, finite element method was used to estimate uniform pressure-induced peak wall tension. Computational fluid dynamics was used to estimate blood flow metrics. The median follow-up period was 645 days. Longitudinal outcome data on these aneurysm patients-whether their aneurysms grew or ruptured (the unstable group) or remained unchanged (the stable group)-was documented based on follow-up at 4 years after the beginning of recruitment. results Twenty aneurysms (10.1%) grew, but none ruptured. One hundred forty-nine aneurysms (75.3%) remained stable and 29 (14.6%) were lost to follow-up. None of the metrics-including aneurysm size, nonsphericity index, peak wall tension, and low shear stress area-differentiated the stable from unstable groups with statistical significance. coNclusioNs The findings in this highly selected group do not support the hypothesis that image-derived metrics can predict aneurysm growth in patients who have been selected for observation and imaging surveillance. If aneurysm shape is a significant determinant of invasive versus expectant management, selection bias is a key limitation of this study.
found that key aspects of aneurysm shape and blood flow reliably differentiate between ruptured and unruptured aneurysms. However, the ability to differentiate between ruptured and unruptured aneurysms may not translate into an ability to distinguish whether a particular unruptured aneurysm is destined to enlarge or rupture.
In a 2012 report on the natural course of unruptured aneurysms, the UCAS (Unruptured Cerebral Aneurysms) Japan investigators reported that aneurysms with a daughter sac were more likely to rupture. 19 In a retrospective case-control study, Takao et al. 32 noted that 6 internal carotid artery aneurysms that ruptured during observation had a lower minimum wall shear stress than 44 locationmatched control cases. In a study of 7 unruptured intracranial aneurysms that were noted to have grown under observation, Boussel et al. 5 reported that regions of low wall shear stress correlated with regions of growth. These reports suggest the possibility that image-derived metrics such as morphology, blood flow, and wall tension could serve as risk factors for growth and rupture of unruptured aneurysms under observation.
The goal of this prospective investigation was to use 3D image processing and computational methods to determine whether metrics of morphology, blood flow, and wall tension of unruptured cerebral aneurysms could distinguish between those that would go on to grow and/or rupture (unstable) and those that would remain unchanged (stable), in a group of patients with unruptured aneurysms for whom observation and surveillance imaging were recommended.
methods study population
The study population consisted of 178 consecutive patients harboring 198 unruptured aneurysms for whom observation and surveillance imaging were the recommended management and adequate imaging was available. Patients had to have adequate diagnostic studies and had to consent to this prospective study at 4 participating clinical centers: Penn State Hershey Medical Center (clinical coordinating center), Massachusetts General Hospital, Jefferson University Hospital, and University of Iowa Hospitals and Clinics. Data analysis investigators at the University of Iowa (image analysis center) were blinded to outcome information until all the computational analyses were completed. Institutional review board approvals were obtained at all participating clinical centers and the data analysis center.
Aneurysms in the study population encompassed all the common locations reported in the literature. Table 1 has tabulated locations and Fig. 1 is a visual representation of the precise locations and orientations within vessels. Most aneurysms were located on the internal carotid arteries and the middle cerebral arteries, which is consistent with data reported by the International Study of Unruptured Intracranial Aneurysms. 36 All were saccular aneurysms because only patients with saccular aneurysms were considered for the study. Study participants were followed longitudinally according to routine clinical practice at the participating centers, typically at 6-month to 1-year intervals. In September 2011, a data analysis investigator visited each clinical site, collected aneurysm status information (i.e., "grown," "ruptured," "shrunk," and "unchanged"), and verified it against documented clinical notes with the clinical coordinator at each site. The study definition of aneurysm growth was based on review of images by expert clinicians, not by quantified assessment of aneurysm surface area, volume, or other metrics. Although this inevitably introduces subjectivity in this outcome measure, we believe that this represents the realworld methodology used to determine if an unruptured aneurysm has shown evidence of growth. As a post hoc analysis of study data we used a quantitative threshold to define growth, and we repeated all our statistical analyses using this definition. This post hoc analysis is described in the Discussion section.
image data acquisition and aneurysm reconstruction
Volumetric diagnostic scans of the aneurysms at initial presentation were de-identified and transferred to the data analysis site as they became available. Computed tomography angiography (CTA) was the predominant scan mo- A protocol was developed for the 3D reconstruction of the aneurysm from DICOM image data by using level set segmentation techniques, 2 as implemented in the Vascular Modeling ToolKit (VMTK; open source software). The parent vasculature and the aneurysm were reconstructed using level set initialization methods; colliding fronts and fast marching, respectively. 1, 2, 21 The reconstruction protocol was verified using a flow phantom with a 10-mm anterior communicating artery aneurysm, as reported by us earlier. 26 Four data analysis investigators were trained, first using flow phantom image datasets and then using image volume datasets from 5 patients' aneurysms. Detailed descriptions of the image processing protocol may be found in our earlier publications. 13, 24, 25 
determination of aneurysm metrics
Metrics that capture the geometry, blood flow, and pressure-induced wall tension of aneurysms were computed from the reconstructed 3D models. For computing most geometrical metrics, the aneurysm sac was isolated using a single cutting plane-the neck plane-as described in our earlier reports. 13, 23 The neck plane was chosen by a single user for all the aneurysms in the study population to minimize investigator sensitivity. Size and shape metrics that were developed by our group and have been described in our earlier reports 17, 23 were computed (Table 2) . Also included was size ratio, as reported by Xiang et al. 37 (sac size/vessel size) and shown to distinguish rupture status. Maximum diameter (Dmax) 23 was used for sac size. Parent vessel size was defined as the diameter of the largest inscribed sphere inside the parent vessel closest to the sac, as implemented in the sac isolation algorithm in Ford et al.
11
Using the isolated sac, we also performed nonlinear finite element analysis to compute the pressure-induced wall tension (stress resultant) distribution under a consistent pressure of 120 mm Hg for all aneurysms with the aneurysm neck constrained from displacement, as reported in our earlier work. 25 Wall tension in the aneurysm sac is affected by sac size, sac shape, and blood pressure. We had earlier shown that for all practical purposes, choice of material behavior has no observable effect in stratifying a study population like this one based on wall tension. In this study, a 2-parameter polynomial finite elastic constitutive model with spatially uniform parameter values and wall thickness of 86 mm was used, as detailed in that report. One metric of wall tension was used-the peak wall tension (PWT)-defined as the 95th percentile value of maximum principal wall stress multiplied by the wall thickness of 86 mm (to obtain the stress resultant). In an earlier report 9 on a similar longitudinal study of rupture risk in infrarenal aortic aneurysms, we showed that PWT was a better predictor than aneurysm diameter. The use of uniform 120 mm Hg pressure consistently for all aneurysms essentially means that the PWT metric is merely a latent metric of aneurysm sac surface morphology, but it serves the purpose of combining the effect of both sac size and sac shape in a manner that is consistent with the physics of hemodynamics.
Finally, using the aneurysm sac and its contiguous vasculature, blood flow metrics were also computed. Computational fluid dynamics simulations were performed on 3D models using the commercial software Fluent (Ansys, Inc.). A finer computational mesh was used in regions of sharper curvature such as the aneurysm neck. 28 Triangular Fig. 1 . Graphical illustration of the locations, orientation, and sizes (see color legend) of all aneurysms in patients recruited in this study, on an idealized 3D model of the head and neck arteries. Table 1 provides location-specific counts in this study. AP = anteroposterior. and tetrahedral elements were used to mesh the surface and volume, respectively. To capture the boundary layer with better accuracy, prism elements were used to mesh the near wall region. A velocity input boundary condition was implemented by using descriptive statistics of the internal carotid waveform presented by Ford et al. 10 To minimize entrance effects, cylindrical extensions were added to the inlets. At the outlets, a constant pressure boundary condition was implemented. A slip boundary condition was not applied and blood was assumed to behave as a Newtonian, incompressible fluid. Two cardiac cycles were simulated for each patient and results from the second cycle were used for quantification of flow behavior. For the simulation, a time step size of 0.001 seconds was used and 300 iterations were performed for each time step. To calculate hemodynamic indices, aneurysms were isolated from the contiguous vasculature by using cutting planes. Blood flow-based indices reported by other research groups, 7, 12, 37 with minor modifications to their definitions as reported by us in a recent publication, 28 were used to quantify the nature of flow patterns inside the aneurysm. A detailed technical description of our computational modeling may be found in earlier reports. 23, 24, 28 Table 2 summarizes the various geometrical, wall tension, and blood flow metrics computed in this study.
statistical treatment
Aneurysms used in the study were placed in 1 of 2 groups depending on their follow-up status-unstable group ("grown" or "ruptured") and stable group ("unchanged" or "shrunk"). Prior to performing statistical analysis comparing the 2 groups, we identified a pivotal metric for each of the metric types that captures its essence based on factors such as robustness of definition, clarity of physical meaning, exhaustiveness, and likelihood for being a risk factor based on previous reported studies on rupture status. For size we chose Dmax instead of volume, because of its familiarity in the clinical realm. For shape we chose nonsphericity index (NSI), mainly because of its exhaustive nature in capturing sac shape. For wall tension we chose PWT, because aneurysm rupture may be thought to occur at a single spatial location when elevated wall tension at a site exceeds the wall's ability to withstand it. For blood flow we chose percent low shear area (LSA), because its definition is robust (its range is bounded from 0 to 100%), it has a clear physical meaning, it is probably associated with sac wall inflammation, and reports in the literature suggest that it may be related to rupture status and growth risk. 5, 12, 14, 37 The a priori hypotheses were that these 4 pivotal metrics would be different between the groups, and these were tested first, after which all other metrics were tested for predictability post hoc.
results
The 198 aneurysms were followed for a median period of 645 days. Over the follow-up period, none ruptured, 20 (10.1%) had grown, 149 (75.3%) were found to be stable, and 29 (14.6%) were lost to follow-up. Fifty-five (27.8%) aneurysms were treated during the observation period. Reasons for treatment included identification of growth, patient requested treatment during observation, or a change in management strategy by the treating physicians. Sac size, sac shape, wall tension, and blood flow metrics were calculated for all aneurysms. The ShapiroWilk 30 normality test (Statistical software package; SPSS) showed that all the metrics had nonnormal distributions. Thus, the nonparametric Mann-Whitney U-test was used. Statistical significance was defined as 2-tailed p < 0.05. Comparisons between the stable and unstable groups are tabulated in Table 1 (demographics), Table 2 risk factor for instability. Studies that compared ruptured to unruptured aneurysms have identified many risk factors that are either direct (e.g., NSI and size ratio) 8, 23, 37 or latent (e.g., inflow concentration index, 7 LSA 37 ) measures of morphology. The UCAS Japan investigators found that aneurysms with daughter sacs were at a higher risk of rupture. 19 This study was designed to test the hypothesis that morphology would help differentiate aneurysms at a high risk of instability in a prospectively recruited population. Many aspects of this study design were unique for their rigor, such as prospective recruitment; longitudinal followup rather than case-control; a focus on aneurysm growth risk rather than rupture status; blinding of data analysis investigators from outcome data; restraints against sneak peeks into study findings; state-of-the-art image processing and computational approaches; objective computations of metrics; and the inclusion of metrics that encompass aneurysm geometry, tissue mechanics, and flow mechanics.
Our study's lack of support for the hypothesis that morphological metrics at initial presentation could differentiate between aneurysms that will become unstable and those that will remain stable stands in contrast to inferences drawn from a large body of earlier studies in the literature that have compared aneurysms that presented with a rupture with those that presented unruptured. 3, 7, 8, 14, 23, 33, 37 For instance, blood flow metrics have been suggested as good predictors for aneurysm rupture. To further explore whether any differences in flow metrics could predict aneurysm behavior, we conducted a controlled test by choosing a location and size-matched control from the stable group for each of the aneurysms in the unstable group (i.e., same location, including bifurcation versus sidewall, and with a size as close as possible). No consistent differences were found between the unstable aneurysms and their stable counterparts in the metrics that capture the essence of the flow characteristics (Fig. 3) . These paired comparisons did not differ from the overall findings of the study. This study's results need to be seen within the context of limitations inherent in such longitudinal studies and limitations that may be addressed with further efforts.
selection bias
We believe that it is highly likely that a selection bias exists in this study population because physicians with expertise in management of patients with unruptured intracranial aneurysms are more likely to recommend invasive treatment for aneurysms with larger size and irregular shape. In this study of patients with unruptured aneurysms for whom observation rather than invasive treatment was recommended, the NSI, a metric that captures the deviation from spherical shape of the aneurysm sac, was 0.11 ± 0.06 (mean ± SD). A perfect hemisphere sac will have an NSI of 0, and the NSI increases up to a maximum of 1 as the aneurysm becomes more irregular. In all earlier reports of patients with unruptured aneurysms for whom invasive treatment was recommended, 13, 23, 35, 37 the aneurysms had mean NSI values greater than those in our study. In addition, the aneurysms in this study were, on average, smaller than those in earlier reports. 13, 23, 35, 37 It is likely that the cerebrovascular experts, who carefully review the available data before making a management decision, include larger aneurysm size and more irregular aneurysm shape as important variables. During the enrollment period for this study, 295 patients with unruptured intracranial aneurysms were screened by the investigators at the Penn State Milton S. Hershey Medical Center and the University of Iowa. These data are not available for the other centers involved in the study. Observation was recommended for 212 (71.9%) of the 295 patients who were screened, and 67 patients (22.7%) were included in the study. The study group therefore may not be representative of the overall patient population in regard to aneurysm geometry. A separate study is underway to determine if the patients for whom invasive treatment was recommended harbored aneurysms whose geometrical indices were significantly different from the geometrical indices of aneurysms in patients for whom observation and surveillance imaging was recommended.
Definition of Growth
The fact that none of the aneurysms ruptured in this study during observation meant that the study only assessed growth risk, not rupture risk. How much growth is enough to be termed "unstable" cannot be defined with precision. For example, image artifacts and noise may affect the precision with which follow-up measurements can be compared with earlier imaging studies. As a secondary arm of this study, we performed a post hoc analysis using a more quantitative process to define growth. In a single-center, single-modality (CE MRA) study, Saloner et al. 29 reported on using volume change as a criterion for growth, verified against 3 clinical investigators' measurements, and proposed that a 5% change in volume may be a good threshold for defining growth. Because ours is a multicenter, multimodality study, we chose double that-10% volume growth-as the criterion. In 18 of the 20 unstable aneurysms, 3D volumetric image data were available after the aneurysms had been determined to have grown based on clinician assessment of the imaging studies. Of these 18 aneurysms, 14 showed greater than 10% objectively determined volumetric growth. These were categorized as the so-called quantitatively unstable group. For verification, we repeated all statistical tests comparing the quantitatively unstable group (N = 14) with the stable group (N = 149). Once again, none of the metrics differentiated between the groups at a statistically significant level.
other limitations
Unlike many studies on rupture status, in which image data tends to be 3D rotational angiography, the image data in this study were from multiple centers and multiple modalities: predominantly CTA, but also TOF MRA and CE MRA (see Table 1 ). These modalities have somewhat lower spatial resolution than 3D rotational angiography. This fact and the fact that unruptured aneurysm patients for whom observation was recommended harbored smaller aneurysms creates a poorer signal-to-noise ratio for our study. Although this study assessed a wide range of metrics-including geometry, tissue mechanics, and fluid mechanics-it still did not include all metrics reported in the literature. Some morphometric examples not assessed are the elegant aggregate metrics to characterize sac shape reported by Lauric et al., 15, 16 Valencia et al., 35 and Piccinelli et al. 20 For flow characterization, alternative metrics have been reported by Xiang et al., 37 Valen-Sendstad, 34 and Lauric et al. 14 Finally, our study population, although the largest to date and powered to test the pivotal metrics, may not be large enough for the complete list of metrics assessed in post hoc analyses.
conclusions
The findings of this study do not support the hypothesis that image-derived metrics are predictive of aneurysm growth in the subset of unruptured cerebral aneurysms evaluated in the current study. This suggests that after a decision is made that observation and imaging surveillance is the best management option, the computational analysis of aneurysm geometry used in this study may not help to predict which aneurysms are likely to enlarge and rupture during observation.
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